Reduced snow cover affects productivity of upland temperate grasslands  by Zeeman, M.J. et al.
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a  b  s  t  r  a  c  t
The  2013/2014  winter  season  showed  exceptionally  sparse  snow  cover  conditions  north  of  the  Alps,
which  allowed  an  in situ  investigation  of  the response  of  vegetation  to  changed  environmental  conditions.
Examination  of  carbon  dioxide  ﬂuxes  at three  grassland  sites along  an  elevation  gradient  from  595  to
864  m  a.m.s.l.  revealed  that  elevation,  snow  cover  extent,  soil temperature  (Tsoil) and  management  were
determinative  factors  for  productivity.  In  the  absence  of snow  cover  at the  highest  elevation  site  (864  m),
substantial  growth  started  only  when  the  mean  daily  Tsoil exceeded  5 ◦C.  The  lack  of snow  cover  at  the
lowest  elevation  site  (595 m)  allowed  the  vegetation  to remain  photosynthetically  active  throughout  the
winter, with  a canopy  that  developed  after  the last  harvest  of  the  previous  season.  The  reduced  snowpring advance
omplex terrain
ddy covariance
oehn
cover  at  the  lower  elevation  sites  (595  and  769  m)  resulted  in  an  earlier  spring,  a signiﬁcant  increase
in  gross  ecosystem  production  and  ecosystem  respiration,  as  well  as enhanced  seasonal  carbon  dioxide
uptake.  The  reduced  snow  cover  in  the  2013/2014  winter  season  is  attributed  to  low  precipitation  and
high  energy  inﬂux,  which  in turn were  best  explained  by exceptionally  frequent  foehn,  i.e.,  southern
advection  of dry,  warm  air across  the  Alps.
©  2016  The  Authors.  Published  by  Elsevier  B.V. All rights  reserved.. Introduction
The impact of climatic change near mountains is likely char-
cterized by shifts in regional weather patterns that change the
nvironmental boundary conditions for natural and managed
cosystems in the mountain range as well as the surrounding
oreland. An increase in mean temperature is expected to be the
ominant climate change signal in the 21st century for Europe, with
egional variability in the magnitude of the temperature change,
s well as changes in precipitation (IPCC, 2013; Kjellström et al.,
013; Wagner et al., 2013). Changes in the climate system can
rst emerge in climate statistics as extremes, particularly in moun-
ain regions (Mountain Research Initiative EDW Working Group,
015; Fan et al., 2015). Temperature is a driver for regional climate
hange, but it is suggested that regional trends can be explained
est when shifts in large-scale climate patterns are considered
Scherrer et al., 2004). Such shifts translate to changes in inten-
ity, timing and duration of weather systems, as well as the path
∗ Corresponding author.
∗∗ Principal corresponding author.
E-mail addresses: matthias.zeeman@kit.edu (M.J. Zeeman),
ape.schmid@kit.edu (H.P. Schmid).
ttp://dx.doi.org/10.1016/j.agrformet.2016.09.002
168-1923/© 2016 The Authors. Published by Elsevier B.V. All rights reserved.of weather fronts. Ensuing changes in the thermal and moisture
regimes can have substantial implications for ecosystem function-
ing, particularly in areas near major orographic features such as the
Alps.
In general, a change in synoptic scale ﬂow in the Alps promotes
changes in distribution and timing of precipitation. A dry, warm and
often very turbulent wind develops in the lee of mountain ranges
as a result of orographically forced precipitation on the windward
side, a phenomena known in the Alps as foehn (Whiteman, 2000).
The air warms  adiabatically down-slope and is a source of sensi-
ble heat advection. Foehn is mainly a result of regional ﬂow over a
mountain range, but local foehn-like phenomena can also be found
(Hornsteiner, 2005). Typically, the warm and dry air ﬂow coin-
cides with high radiative inputs (clear sky or cloudy) that help heat
the surface, particularly if enhanced snow melt exposes the low
albedo surface. In addition, the relatively strong, usually gusty wind
can amplify evaporation through mechanical turbulence. In winter
and spring, foehn is known to greatly enhance snow cover thaw-
ing, even at some distance to the Alps (Hoinka et al., 2009). Thus,
changes in snow cover extend as well as the warming potential of
foehn can inﬂuence key ecosystem processes and phenology, such
as respiration and the onset of spring.
Changes in temperature and snow cover timing have been
shown to inﬂuence plant growth of mountain species in alpine and
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Fig. 1. Elevation of the study area with TERENO pre-Alpine observatory sites Fendt,
Rottenbuch and Graswang, as well as the weather stations Garmisch–PartenkirchenM.J. Zeeman et al. / Agricultural and
ub-alpine zones (Grabherr et al., 1994; Keller and Körner, 2003;
enzel et al., 2006; Jonas et al., 2008). The main environmental
ontrols for initiating plant growth are thought to be temperature,
hoto period and a winter chilling requirement (a sufﬁcient amount
f cold during dormancy), as precursor to the end of a plant’s
ormant period (Körner and Basler, 2010). Recent studies suggest
hat the phenology and productivity of agricultural ecosystems in
he Alps sub-region, usually found at a sub-alpine elevation, are
ightly coupled to differences in timing of spring and season length
Schmitt et al., 2010; Zeeman et al., 2010; Siebert and Ewert, 2012;
alvagno et al., 2013; Wohlfahrt et al., 2013; Peichl et al., 2013;
esai et al., 2016).
We  report on the changes in productivity of three managed
rasslands north of the Alps in response to a winter season
haracterized by low snow cover. We  used observations of the
tmospheric exchange of carbon dioxide to evaluate if the anoma-
ous winter conditions resulted in an advance of phenologic spring
nd an enhanced carbon sink of managed grasslands in the German
lpine foreland.
. Materials and methods
.1. Study sites
The three observation sites used in this study are located along
n elevation gradient with increasing terrain complexity towards
he south (Fig. 1). The sites Fendt (DE–Fen), Rottenbuch (DE–RbW)
re located in the Bavarian Alpine Foreland, which is an area in the
outh of Germany and north of the Alps with landscape features
hat were formed by glacial activity and erosion in the Alps (Fig. 1).
he area is a transitional zone with increasing mountainous char-
cteristics towards the Alps in the south and is therefore referred to
s pre-Alpine. The site Graswang (DE–Gwg) is located in an adja-
ent sub-alpine valley (Fig. 1). All three sites are grassland used
rimarily for fodder and hay production, but only limited grazing.
arvest dry weight was approximate 250 g m−2 with a leaf area
f 5 m2 m−2. The sites are part of the TERrestrial Environmental
bservatory (TERENO) pre-Alpine, which is a recently established
ong-term research infrastructure in the Ammer  river catchment
outh of lake Ammersee in the Upper Bavaria region, Germany
Zacharias et al., 2011).
The most northerly site is Fendt (47.8329◦ N 11.0607◦ E, 595 m
bove mean sea level), situated at the center of a drained alluvial
rea. It is located just north of the town of Peissenberg and borders
n the west and east to forested hills (Fig. 2a). The Rottenbuch site
47.7299◦ N 10.9690◦ E, 769 m a.m.s.l.) is situated south of the town
f Rottenbuch and borders on the east to the forested Ammer  river
avine (Fig. 2b).
The Graswang site (47.5708◦ N 11.0326◦ E, 864 m a.m.s.l.) is sit-
ated on the relatively ﬂat alluvial plain of the Linder river in a
ub-alpine valley of the upper Ammer  catchment near Graswang
Fig. 2c). Local winds are modulated by the East–West orientation
f the valley and the steep slopes are mostly forested (Fig. 1).
.2. Instrumentation
Environmental variables and ﬂuxes of energy and carbon diox-
de were recorded using similarly conﬁgured stations at all three
ites. The eddy-covariance system included a three-dimensional
onic anemometer (model CSAT3, Campbell Scientiﬁc, Logan, UT,
SA) and an infra-red gas analyzer for observation of water vapour
nd carbon dioxide concentrations mounted at 3.5 m height (open-
ath model LI-7500 in Graswang and Fendt and closed-path model
I-7200 in Rottenbuch, Li-Cor, Lincoln, NE, USA). Other environ-
ental observations are listed in Table 1.(G–P), Zugspitze (Z), Ettal–Linderhof (E–L), Steingaden–Lauterbach (S–L) and Eberf-
ing (E) operated by DWD. The marked areas correspond to Fig. 2a–c. Produced using
Copernicus data and information funded by the European Union – EU-DEM layers.
Data were logged (model CR3000, Campbell Scientiﬁc) at 20 Hz
and 1 min  intervals for observations needed in eddy covariance
ﬂux calculations and other environmental variables, respectively.
Logged data were transferred automatically to a computer (model
MSEP800/L, Kontron, Eching, Germany) for the computation of
ﬂux statistics and daily transfer to an in-house database for near-
realtime evaluation. The Fendt and Graswang sites were fully
516 M.J. Zeeman et al. / Agricultural and Fores
Fig. 2. Maps of the topographic features and the land-use surrounding the eddy
covariance (EC) stations Fendt, Rottenbuch and Graswang. The axes tick marks indi-
cate 500 m intervals. The topographic layer was produced using Copernicus data
and  information funded by the European Union – EU-DEM layers, and the land-use
layers are reproduced by permission of OpenStreetMap contributors (CC BY-SA).t Meteorology 232 (2017) 514–526
operational since July 2010, and Rottenbuch followed in July 2011.
Reference precipitation observations have been made within a
500 m range of the EC stations (model Pluvio, OTT Hydomet,
Kempten, Germany). Missing values of the photosynthetic pho-
ton ﬂux density at Graswang between 12 and 27 May  2014
were replaced by observations from the Kolbensattel weather
station located 2.5 km to the North, using a linear relationship
determined between global radiation and the photosynthetic pho-
ton ﬂux density. For the same period, missing values in air
temperature were replaced with hourly observations from the
Garmisch–Partenkirchen station operated by the Deutsche Wet-
ter Dienst (DWD), using a constant temperature offset determined
between the sites to account for the elevation difference.
2.3. Flux calculations
Net ecosystem exchange ﬂux of carbon dioxide (NEE), sen-
sible heat ﬂux and latent heat ﬂux were determined for each
30 min  interval using the eddy covariance technique (Baldocchi
et al., 2001; Aubinet et al., 2012). We  used the TK software for
the computations of ﬂuxes, turbulence statistics and plausibility
tests (TK3.11, see Mauder and Foken, 2011, for a detailed descrip-
tion). All processing steps followed the TERENO standard procedure
as described in Mauder et al. (2013) and are summarized in the
following. Before calculating 30-min covariances, the 20 Hz high-
frequency data were ﬁltered using the diagnostic ﬂags provided
by the sonic anemometer and and gas analyser instruments, and
a spike detection scheme was applied using the median absolute
deviation. The optimal lag time between co-variates was  deter-
mined based on a cross-correlation analysis. The raw covariances
were corrected for a possible misalignment using the double rota-
tion method (Kaimal and Finnigan, 1994). High-frequency losses
due to path-averaging, electronic ﬁltering and sensor separation
were corrected according to (Moore, 1986). Density ﬂuctuations
in the open-path gas analyser measurements were compensated
using the WPL  conversion (Webb et al., 1980), while mixing ratios
were directly output by the closed-path gas analyser and therefore
no such conversion was  necessary. Random errors were computed
for the resulting ﬂuxes based on the algorithm of Finkelstein and
Sims (2001). Given the low measurement height of only 3.5 m we
neglect the inﬂuence of carbon dioxide storage change and inter-
pret the quality accessed carbon dioxide ﬂux values directly as
NEE. The ancillary meteorological and environmental observations
were screened for excursions outside a plausible range, implau-
sible rates of change and periods of unlikely limited change (VDI,
2013). Data records during instrument failure and site maintenance
were removed, but for all other data records we  used simpliﬁed
quality scores (0 = best, 1 = ambiguous, 2 = inadmissible), similar to
the quality ranking used for ﬂux calculations (Foken and Wichura,
1996; Foken et al., 2004). This strategy allows the computation
of signal variance statistic of the original signal at any later stage
of analysis. Sign convention is deﬁned here with negative ﬂuxes
downward, towards the surface.
For the exchange of carbon with the atmosphere we  consid-
ered the gross ecosystem production (GEP, a negative ﬂux here)
and ecosystem respiration (RE) as the main component ﬂuxes of
net ecosystem exchange (NEE = GEP + RE). Missing numbers in the
net ecosystem exchange were estimated by establishing functional
relationships for the gross ecosystem production and ecosystem
respiration using driving variables for which a continuous record
was available. Here we used parametrizations of functions for the
response of respiration to soil temperature (Tsoil; at 0.06 m depth)
following Lloyd and Taylor (1994) and the response of photo-
synthetic assimilation to the photosynthetic photon ﬂux density
(QPPFD) with a Michaelis–Menten type function that prescribes light
saturation (Falge et al., 2001; Moffat et al., 2007). We established
M.J. Zeeman et al. / Agricultural and Forest Meteorology 232 (2017) 514–526 517
Table  1
Environmental observations at the three ﬁeld stations and the corresponding instrumentation.
Observed variable Height or Depth (m)  Instrument
Air temperature (Tair), relative humidity 3.5 HMP45; Vaisala, Vantaa, Finland
Air  temperature, relative humidity, air pressure, rain and
hail intensity, horizontal wind speed, wind direction
2.0 WXT520; Vaisala, Vantaa, Finland
Shortwave incoming, longwave incoming, shortwave
outgoing and longwave outgoing radiation
2.0 CNR 4; Kipp&Zonen, Delft, The Netherlands
Photosynthetic photon ﬂux density (QPPFD) 2.0 SKP215; Skye Instruments, Llandrindod Wells, UK
Panoramic still images at 08:00, 12:00 and 18:00 UTC 2.0 Q24M 3.1 Megapixels, Mobotix, Langmeil, Germany
Snow depth 2.0 SR50A; Campbell Scientiﬁc, Logan, UT, USA
Soil  heat ﬂux [0.08] in three repetitions HFP01–SC; Hukseﬂux, Delft, The Netherlands
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three repetitio
he parametrization of the functions in a moving time window
pproach of seven days, which respects abrupt environmental and
anagement changes such as snow cover and grass cuts. The uncer-
ainty introduced by the response functions was  determined for
ach 30 min  interval by replacing the model input with a ran-
om value sampled from the model’s signiﬁcance range for that
nput variable, and repeating this procedure a large number of
imes (Monte Carlo bootstrapping, N = 1000). The described ﬂux
artitioning approach is well-established for determination of the
omponent ﬂuxes and missing numbers of the net ecosystem
xchange of upland and mountain grasslands (Ammann et al., 2007;
eeman et al., 2010).
.4. Foehn diagnosis
The foehn conditions were identiﬁed using a set of probabilistic
hresholds for wind direction, wind speed, relative humidity and
he difference in potential temperature between two stations at
ifferent elevations (Plavcan et al., 2013). Details are provided in
ppendix B.
. Results and discussion
Before we  evaluate the winter time ﬂuxes and spring conditions
n the sections below, we ﬁrst discuss the seasonal patterns in the
arbon dioxide exchange for the study sites.
.1. Annual ﬂuxes
The annual sums of carbon dioxide ﬂuxes NEE, GEP and RE
ostly show an elevation trend, with larger GEP and RE ﬂuxes athe lower elevation site (Table 2). The differences in the annual
ums were signiﬁcant between the lowest and highest elevation
ites. We  considered the differences to be signiﬁcant if the conﬁ-
ence intervals (2) were non-overlapping. The magnitude of the
able 2
nnual sums (±) of the gross ecosystem production (GEP), the ecosystem respiration 
umber of grass cuts.
2011 
Graswang (GEP) −1452 ± 39 
(864  m)  (RE) 1144 ± 30 
(NEE)  −308 ± 36 
cuts  2 
Rottenbuch (GEP) 
(769  m)  (RE) 
(NEE)  
cuts  
Fendt (GEP) −1809 ± 52 
(595  m)  (RE) 1579 ± 25 
(NEE)  −231 ± 44 
cuts  5 , 0.35 and 0.50] in T107 and CS616; Campbell Scientiﬁc, Logan, UT, USA
annual ﬂux sums of NEE, RE and GEP conﬁrm previously reported
values for pre-alpine and sub-alpine managed grasslands in com-
plex terrain (Ammann et al., 2007; Wohlfahrt et al., 2008; Cernusca
et al., 2008; Gilmanov et al., 2007; Zeeman et al., 2010). In 2014, the
net annual uptake at the upland sites Fendt and Rottenbuch were
increased by approximately 50% compared to the previous years on
record, but the absolute increases in each of the component ﬂuxes
gross ecosystem production and ecosystem respiration rates were
more signiﬁcant (Table 2).
3.2. Winter and spring
The seasonal course of the net ecosystem exchange can be best
explained if information about the management and dormancy
periods are provided simultaneously as a time line (Fig. 3). Here
we deﬁne dormancy as a non-growing season period where no
indication of assimilation is detected in the data record. The main
disturbances that led to a net release of carbon dioxide involved
management and snow cover combined with winter dormancy
(Fig. 3). A contrast in management intensity exists between the sub-
alpine site and the two lower sites of two  cuts and four to six cuts
per year, respectively (Table 2). However, the timing of the ﬁrst cut
of the season was consistent between the years on record for each
site (Fig. 3). The ﬁrst harvest occurred in the ﬁrst half of May and
the ﬁrst half of June for the lower elevation sites and highest ele-
vation site, respectively. The mid-May harvest may  be traditional
and follows farming folklore for the “Ice Saints” feast days (German
“Eisheiligen”) observed by local farmers. Consequently, the length
of the spring regrowth periods were mostly deﬁned by the end of
the previous disturbance, including the last harvest of the previous
year and extended snow cover periods.An elevation trend was  also observed in snow cover, with a
larger volume and more persistence at the highest elevation site
(Fig. 3). An obvious difference in the 2013/2014 winter was  a
reduction in snow cover at all three sites (Fig. 3). No persistent
(RE) and the net ecosystem exchange (NEE) expressed in gC m−−2,  as well as the
2012 2013 2014
−1542 ± 42 −1393 ± 37 −1683 ± 46
1417 ± 32 1213 ± 31 1396 ± 34
−126 ± 40 −180 ± 35 −288 ± 47
2 2 2
−1599 ± 98 −1512 ± 18 −1842 ± 61
1534 ± 25 1371 ± 13 1626 ± 18
−64 ± 77 −140 ± 16 −216 ± 52
5 5 5
−1867 ± 44 −1612 ± 53 −2222 ± 41
1666 ± 29 1351 ± 25 1882 ± 23
−201 ± 38 −261 ± 46 −338 ± 35
6 5 4
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Fig. 3. Shown against time are (a) the foehn days per month, (b, d and e) the snow cover depth (dark area) and grass cuts (vertical lines), and (c, e and g) the net ecosystem
exchange (NEE) for each hour of day (colour regions) for study sites Graswang, Rottenbuch and Fendt, respectively. Local standard time is UTC+01.(For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
Fig. 4. The cumulative sum of net ecosystem exchange (NEE) for winter through spring (Dec–May) for Graswang, Fendt and Rottenbuch.
M.J. Zeeman et al. / Agricultural and Forest Meteorology 232 (2017) 514–526 519
Fig. 5. The transition from winter to spring for Graswang, Rottenbuch and Fendt in 2013/2014. Shown against time are (a-c) composites of true color images of the surface
taken  at 09:00 and 13:00 local standard time (UTC+01), the (d-f) mean daytime albedo, (g-i) the mean soil water content at −0.06 m and daily precipitation, (j-l) the mean
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aoil  temperature at −0.06 m (Tsoil), (m-o) the mean air temperature at 2 m (Tair), (p-
uxes  of the net ecosystem exchange (NEE), the ecosystem respiration (RE) and the
nd  black areas in panels a–c indicate missing data. (For interpretation of the refere
now cover was present at the lowest elevation site and the snow
over was absent approximately 34 days earlier compared to other
ears on record at the highest elevation site. If we deﬁne the phe-
ological spring as a turning-point in NEE from net release to
ersistent net uptake, i.e. |GEP| > |RE| »0, the onset of phenological
pring shifted from early March in the previous observation years
o early February in 2014. The spring advance contributed to an
ncrease in the net carbon uptake of approximately 50 gC m−2 up
o the ﬁrst harvest in May  2014 at the two lower sites compared
o the other years on record (Fig. 4). No obvious canopy senes-
ence occurred in winter 2013/2014 at the two  lower elevation
ites as shown by camera images and the GEP rates (Figs. 3 and 5).
here was die-off of aboveground vegetation at the highest site
s shown by the camera images at noon (Fig. 5a). Although themean daytime photosynthetic photon ﬂux density (QPPFD), and (s,t and v) the mean
 ecosystem production (GEP). The daily ranges are shown as gray area in panels j–r
o color in this ﬁgure legend, the reader is referred to the web version of the article.)
surface at the highest elevation site was mostly free of snow from
mid-February onwards, the onset of phenological spring did not
occur until the end of March. In other words, the start of the grow-
ing season at the Graswang site did not immediately follow the
disappearance of snow cover. The above deﬁnition of phenolog-
ical spring may  not account for the initial days of greening up.
On the other hand, using the camera images to deﬁne onset of
spring proved problematic in case the canopy remained green. For
non-growing season GEP without evident aboveground growth we
should assume photosynthetic uptake to be predominantly used
for storage and maintenance processes.
The delay of phenological spring at the highest elevation site
could be attributed to limitations in available energy for re-growth
(Fig. 5). The soil temperature increased immediately following the
520 M.J. Zeeman et al. / Agricultural and Forest Meteorology 232 (2017) 514–526
Fig. 6. Winter time snow cover period is shown against, (a) the mean net shortwave radiation, (b) the mean net longwave radiation, (c) the mean net radiation, (d) the total
precipitation, (d) the mean air temperature maximum (Tair,max), (d) the number of foehn days, (e) the sum of gross ecosystem production (GEP), (f) the sum of ecosystem
respiration (RE) and (g) the sum of net ecosystem exchange (NEE). Data taken from Table A.1.
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pronounced at the Rottenbuch site (not show). At the lowest ele-
vation site, no correlation was  found between the diagnosed foehn
with days of high daytime sensible heat ﬂux. This inconsistency
suggests that the predictive power of the foehn diagnosis derivedM.J. Zeeman et al. / Agricultural and
isappearance of the snow cover, but stayed mostly below 5 ◦C
ntil early April (Fig. 5). Particularly at the highest elevation site,
oar frost was present on the snow-free surface in the morning
ours in February and March but mostly disappeared before noon
s shown by camera images and albedo observations (Fig. 5). The
rost required energy to melt or sublimate which would otherwise
e available to warm the surface. With a cold spell and snow at the
nd or March, the soil temperature dropped to approximately 2 ◦C
ith air temperatures near freezing point. Simultaneously, the GEP
as reduced and likely interrupted the vegetation development at
ll sites (Fig. 5). From April onwards, the mean soil temperature
tayed above 5 ◦C, even when brief cold spells brought relatively
ool air and snow. There was no indication of any limitation of
arbon uptake or respiration by reduced soil moisture availability
Fig. 5).
We continue by investigating what wintertime events con-
ributed to the favourable growing conditions in spring of 2014.
he reduction in snow cover could be explained mostly by low
recipitation (Fig. 6d and Table A.1). A lower volume snow pack
equires less energy to melt. However, the persistence of a snow
over is also controlled by other environmental factors. The mean
ir temperature maximum for Dec–Feb was well above freezing
t all sites (Fig. 6e). The air temperature near the surface has long
een recognized for its profound control on snow melt (Ohmura,
001). Without snow cover effective as insulation layer, the soil
s exposed to radiative cooling at night, but there is also increased
otential for daytime surface warming due to a reduction in albedo.
he mean net radiation during the period Dec 2013–Feb 2014 did
ot differ signiﬁcantly from other years on record, but both the net
hortwave radiation (input) and net longwave radiation (loss) were
nhanced (Fig. 6a–c). A correlation between snow cover duration
nd longwave radiation input has been investigated, with particu-
ar relevance for areas in mountainous regions that are shaded by
rests such as the Graswang site (Olyphant, 1986). Recent studies
uggest that snow melt and the snow cover period are controlled by
ncident longwave radiation at ﬁrst (linked to air temperature and
loud cover) and progressive melt is ampliﬁed by shortwave radi-
tion (dependent on lower albedo) thereafter (Brown et al., 2007;
ang et al., 2015).
The warmer and snow-free conditions helped enhanced winter
EP at the lower two sites, but not at the highest elevation site
Fig. 6g). The responses in GEP showed highly signiﬁcant interac-
ion with snow cover (likelihood ratio test; p < 0.001) and at the
ighest elevation site the response in GEP with snow cover was sig-
iﬁcantly different (linear mixed effect model; p < 0.05), contrasting
.6 gC m−2 per day for Graswang and approximately 1.5 gC m−2 per
ay for the lower elevation sites (Fig. 6g). The responses in RE and
EE were not of the same magnitude, but the 2013/2014 winter
um of NEE did no longer represent a signiﬁcant carbon loss at the
owest elevation site compared to other years on record (Fig. 6h–i,
nd based on a 2 conﬁdence area, see Table A.1). Thus, the vegeta-
ion canopy that developed since the last harvest of 2013 at Fendt
ould remain undisturbed and photosynthetically active through-
ut the winter until the ﬁrst harvest of 2014.
The timing of increase in GEP correlated with soil temperature
xceeding approximately 5 ◦C. With the survival of the vegeta-
ion canopy through winter at the lower site, the increase in
ross ecosystem production progressed more rapidly with increas-
ng temperature and photoperiod in spring (Figs. 3 and 5). Grass
pecies are known to have the ability to photosynthesise in sub-
ero temperatures (Tuba et al., 2008; Höglind et al., 2011). Although
hotosynthesis can take place at low temperature, growth may
e inhibited at temperatures below approximately 5 ◦C (Körner,
008; Fatichi et al., 2014; Nagelmüller et al., 2015). When leaves
re already present during moderate cold snaps, the recently
ssimilated carbon can be allocated for use in maintenance insteadt Meteorology 232 (2017) 514–526 521
of growth in some grass species, which helps explain this as a
survival strategy (Barthel et al., 2014). Furthermore, alpine grass
species have shown limited response in plant growth perfor-
mance following variability in the timing of ﬁnal snow melt (Jonas
et al., 2008), suggesting that photo-period may become a domi-
nant control for species adapted to alpine elevations (Körner, 2007;
Wohlfahrt et al., 2013).
3.3. Correlation with foehn
Foehn shows an annual cycle and inter-annual variations in this
area, with limited foehn in winter and usually a peak in spring
(Figs. 3a and B.2). However, during the 2013/2014 winter and early
spring, foehn frequently occurred also in February (9 days; Fig. 3a).
In the study area, foehn is typically followed by a cold spell and
precipitation (Fig. 5). Therefore, a direct correlation between foehn
frequency and variability in snow cover cannot be assumed a priori.
Foehn resulted in warming conditions at the end of the 2014
winter, as described in the previous section, in particular affecting
the timing of air and soil temperature increase at the Graswang
site (Fig. 5). For the period 2011–2015, foehn days during snow
cover periods showed a reduction in snow cover depth and limited
new snow fall (Figs. 5 and 7a). During snow free periods in winter
and spring, the days with foehn showed a signiﬁcant difference
between the relatively warm air and cooler soil temperatures
(Fig. 7b). Hence, foehn conditions in winter and spring contribute
either to melting of snow, or enhanced warming of the surface in
the absence of snow.
At the highest elevation site, substantial negative sensible heat
ﬂuxes were observed during snow cover periods on foehn days
(in excess of −50 W m−2), which coincided with high latent heat
ﬂux and high rates of snow depth change (Fig. 8). The connec-
tion between foehn and surface heat ﬂuxes was  similar but lessFig. 7. For the days with foehn and without foehn are shown boxplots of, (a) the
daily change in snow depth for days with snow cover and (b) the day-time difference
between air temperature (Tair) and soil temperature (Tair) for winter and spring
(Dec–May).
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Fig. 8. For days with snow cover and foehn are shown the change in snow depth
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Dec–May) at the Graswang site.
rom the mountain weather stations near Garmisch–Partenkirchen
see Appendix B) was limited by distance. The maximum range of
elevance for the foehn diagnosis, including the Rottenbuch site,
as therefore approximately 50 km north of the Zugspitze moun-
ain or 20 km from the Alps (Fig. 1). We  must note that the lowest
levation site experienced only a limited number of snow cover
ays in late winter and early spring, when the foehn frequency
harply increased (Figs. 3, 5i and l and B.2). A relatively high fre-
uency of foehn was not uncommon during March and April in the
ast decades in our study area (see Appendix B, Fig. B.2).
. Conclusions
The comparison of carbon exchange at three grassland sites
long an elevation gradient has given a new perspective on the
egional variability of climate and management feedbacks. The
014 winter season was exceptional and the analysis provided
nsights in the role of snow cover and regional wind systems (foehn)
n the local boundary conditions for grassland productivity. We
onclude the following:t Meteorology 232 (2017) 514–526
• The annual sums of the gross ecosystem production and ecosys-
tem respiration reﬂect the differences in elevation of upland
grasslands.
• The timing and volume of snow cover were determinant factors
for winter ﬂuxes and the advance of spring, which in turn affects
the annual carbon balance.
• Without snow cover, carbon uptake was controlled by tempera-
ture, with a threshold around 5 ◦C for soil temperature.
• The timing of spring is linked to elevation, but the advance in
the onset of plant growth (GEP) could be explained only by a
combination of environmental conditions, including snow cover
and air temperature that are enhanced by weather phenomena
in proximity to a mountain range.
• The enhanced frequency of foehn represents a regional climate
signal for the sub-alpine and neighbouring upland areas and cor-
responds to the environmental conditions of an extremely mild
winter.
The winter of 2014 included an increase of air temperature, low
precipitation, a reduced snow cover and a low albedo, compared
to previous years. The contribution of each of these feedbacks to
an advance of spring cannot be easily teased apart. However, their
combination was linked to the frequency of foehn. Foehn conditions
likely contributed to snow melt and surface warming – prerequi-
sites for phenological spring. Foehn, in turn, is an expression of the
large-scale regional ﬂow and the course of weather systems. The
probability and long-term trends of shifts in weather systems need
to be investigated in order to fully understand the consequences of
climate change (extremes) in mountainous regions in Europe.
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Observations during winter are summarized for all three study
sites in Table A.1.
M.J. Zeeman et al. / Agricultural and Forest Meteorology 232 (2017) 514–526 523
Table  A.1
Winter time sums of the gross ecosystem production (GEP), the ecosystem respiration (RE) and the net ecosystem exchange (NEE), expressed in gC m−2 (± ), as well as the
mean  soil temperature (T¯soil; at 0.06 m depth), mean daily maximum soil temperature (T¯soil,max), the mean air temperature (T¯air) and mean daily maximum air temperature
(T¯air,max) in ◦C, the mean incoming shortwave radiation (Qsw,in) and the mean incoming longwave radiation (Qlw,in) in W m−2, the total precipitation as rain, snow and hail
(P)  in mm,  and the number days with snow cover. Winter is deﬁned as the period involving the months of Dec–Feb (DJF).
2010/2011 2011/2012 2012/2013 2013/2014 2014/2015
Graswang (GEP) −1 ± 1 −5 ± 2 −0 ± 1 −24 ± 16 −17 ± 5
(864  m)  (RE) 68 ± 4 73 ± 6 69 ± 11 79 ± 10 91 ± 6
(NEE)  67 ± 4 68 ± 6 69 ± 10 55 ± 18 74 ± 6
T¯soil; T¯soil,max 1;1 1;1 1;1 1;1 1;1
T¯air; T¯air,max −3;2 −4;1 −3;1 −1;4 −2;3
Q¯sw,in; Q¯sw,out −67;50 −51;38 −43;35 −45;20 −44;30
Q¯lw,in; Q¯lw,out −281;296 −270;288 −278;292 −272;303 −274;295
Pa 233 531 454 119 306
snow  cover days 90/90 87/91 90/90 52/90 72/90
Rottenbuch (GEP) −36 ± 5 −36 ± 3 −105 ± 7 −39 ± 5
(769  m)  (RE) 116 ± 2 122 ± 2 132 ± 2 129 ± 3
(NEE)  79 ± 5 86 ± 4 27 ± 6 90 ± 5
T¯soil; T¯soil,max 1;2 2;2 2;2 3;3
T¯air; T¯air,max 1;5 −0;3 2;7 1;5
Q¯sw,in; Q¯sw,out −57;30 −45;28 −59;20 −56;39
Q¯lw,in; Q¯lw,out −281;314 −286;311 −275;320 −278;311
Pb 248 223 88 161
snow  cover days 57/91 64/90 30/90 59/90
Fendt (GEP) −28 ± 17 −65 ± 12 −63 ± 11 −143 ± 11 −65 ± 5
(595  m)  (RE) 87 ± 4 87 ± 5 93 ± 5 147 ± 5 100 ± 3
(NEE)  59 ± 17 23 ± 12 30 ± 12 4 ± 11 35 ± 5
T¯soil; T¯soil,max 1;2 1;1 2;2 1;2 2;2
T¯air; T¯air,max −1;3 1;5 −0;3 2;7 1;5
Q¯sw,in; Q¯sw,out −51;29 −50;18 −47;28 −56;11 −49;29
Q¯lw,in; Q¯lw,out −293;306 −284;313 −287;309 −281;319 −285;311
Pc 140 233 258 89 167
snow  cover days 64/90 43/91 55/90 7/90 51/90
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ppendix B. Foehn diagnosis
We  refer to Dürr (2008) and Plavcan et al. (2013) for a
iscussion on automated foehn diagnosis methods. A set
f probabilistic thresholds was used for foehn diagnosis
nd included the wind direction (ϕ), the wind speed (U),
he relative humidity (RH) and the difference in potential
emperature () between two stations at different eleva-
ions (Fig. B.1). We  used hourly observations collected since
988 for a mountain summit station (Zugspitze, 47.4208◦ N
0.9847◦ E, 2964 m a.m.s.l.) and a nearby valley station
Garmisch–Partenkirchen, 47.4831◦ N 11.0623◦ E, 719 m a.m.s.l.)
rovided by the German weather service (DWD; WebWerdis,
014).For foehn conditions we expect strong southerly wind at the
mountain summit and dry air to reach the valley bottom, with
a potential temperature similar to that observed at the summit
(Whiteman, 2000). We  determined the wind sector for the dom-
inant southerly wind empirically as 105–225◦ (azimuth), for which
the wind speed at the summit was  required to be high (exceeding
the median; U > 6.4 m s1). At the same time, the relative humidity
at the valley station was required to be low (less than the median;
RH < 90%). The difference in potential temperature was determined
between the summit and valley station ( = summit − valley) and
must be small (within the ﬁrst quartile;  < 7.2 K). In addition,
we only considered foehn periods with a duration of two hours or
more. Examination of the resulting time series of days with foehn
showed that 2014 was the year with most frequent occurrence of
foehn since 1988 (Fig. B.2).
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Fig. B.1. Foehn diagnosis based on (a) the wind direction at the summit station Zugspitze, the (b) distributions of wind speed at the summit, the (c) relative humidity at
the  nearby valley station Garmisch–Partenkirchen and (d) the difference in potential temperature between these stations, including probability ranges (vertical dashed line,
percentage) and the criteria for foehn (gray area) discussed in the text. The probability distributions for hours since 1988 coinciding with a 105–205◦ wind sector at the
summit  are shown as dashed lines.
Fig. B.2. Number of days with foehn per month for the period 1988-2015.
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